Abstract. Dynamic spinal fixators, such as the Dynesys (DY) and K-ROD (KD) systems, are designed to restore spinal stability and to provide flexibility. The long-term complications of implant breakage and the biomechanics of the adjacent and the bridged levels using the KD system are still unknown. Therefore, this study aims to investigate and compare the biomechanical effects of the KD system and the DY system. Finite element (FE) models of the degenerated lumbar spine, the DY system, and the KD system were each reconstructed. Hybrid-controlled analysis was applied in the three FE models. The FE results indicated that the KD system supplies the most stiffness during extension and the least stiffness during flexion, in contrast to the DY system. In contrast to the DY system, the KD system increased the facet contact force of the adjacent level, but this system decreased the screw stress on the cranial adjacent disc and the pedicle during flexion.
Introduction
Disc degeneration may induce chronic low-back pain or spinal instability [1, 2] . Spinal fusion surgeries are often used to manage spinal instability [3] . However, spinal fusion surgeries have other problems, including donor place ailment, the morbidity of the surgery, and adjacent segment disease [4, 5] . Several clinical reports have shown that spinal fusion surgery may accelerate degeneration at adjacent segments [6, 7] . Consequently, several flexible posterior spinal fixation systems have gradually been introduced in clinics [8, 9] . These implants are designed to restore spinal stability and reduce the load on the adjacent disc. The Dynesys (DY) system (Zimmer, Minneapolis, MN) is one type of dynamic stabilization device and has been used in clinics for more than a decade. The DY system consists of polycarbonate urethane (PCU) spacers, polyethylene terephthalate (PET) cords, and titanium alloy pedicle screws. The length of the PCU spacers can be adapted for the clinical situation. The PET cords are introduced through the screw heads. The PCU spacers are interposed and fixed after pre-loading [9, 10] . Moreover, a previous clinical study [11] indicated that the DY system results in satisfactory outcomes, with patient satisfaction remaining as high as 95%. However, complications, including slight screw loosening (3 of 26 patients), adjacent segment degeneration (47% patients), and screw breakage with low back pain (one patient), were also observed at the 4-year follow-up. Biomechanically, the DY system reduces the range of motion (ROM) of the intact spine [12] [13] [14] [15] , but the DY system is more flexible than a rigid internal fixator [16] . Niosi et al. [14, 17] indicated that the DY system with long spacers typically causes an increase in the ROM and a decrease in facet loads compared with the system with short spacers. In addition to the DY system, the K-ROD (KD) system (Paonan Biotech Co., Ltd.) is another type of dynamic stabilization device that has been used in clinics. The KD system is composed of titanium alloy pedicle screws, two titanium alloy cable rods, and two polyaryletherketone (PEEK) spacers. However, the biomechanics of the adjacent and the bridged levels using the KD system are still unknown. Therefore, the purpose of this study is to evaluate the KD system in comparison to the DY system using finite element (FE) models.
Materials and methods

Validation of the FE model
A three-dimensional nonlinear FE model of the human lumbar spine was created using the commercial software ANSYS 11.0 (ANSYS Inc., Canonsburg, PA, USA) in our previous studies [18, 19] . Much of detailed description for this lumbar spine FE model had been reported [19, 20] . However, the previous FE model did not consider degenerated discs. Therefore, this study varied the material properties of degenerated discs and evaluated the range of motion (ROM) and annulus stress of a degenerated lumbar spine. Umehara et al. [21] reported that the Young's modulus of the ground substance of the annulus increased as the disc degenerated, thus the corresponding Young's modulus, E, of the degenerated discs in each test was increased by 10% from that of the intact disc. This FE model extracted the L4-L5 motion segment from the entire lumbar spine model to test the degenerated disc. The degenerated disc was simulated with hyperelasticity behavior, and the material properties were controlled using two parameters (C1, C2) in the Mooney-Rivlin formulation. The degenerated L4-L5 model was validated by experimental results [22] by measuring the ROM using a 7.5 Nm moment for flexion-extension, lateral bending, and torsion. To examine any discrepancies, the FE analysis was compared with a previous in vitro test [22] using the following equation:
ROM P : range of motion in the present FE study, ROM E : range of motion in the previous in vitro test.
The FE analysis exhibited a similar trend to that of the previous experimental results, as listed in Table 1 . When the Young's modulus of the annulus fibrosis of the disc was increased by 100% (the corresponding Young's modulus E was 6.94 MPa), the ROM of L4-L5 was closer to that of the in vitro results. The error was smallest (0.72) after applying a data normalization method.
To validate the distribution of the disc stress, this study applied a compression force of 2000 N at the top of the L4 vertebral body and fixed all nodes at the bottom surface of the L5 vertebral body. This FE analysis calculated the disc annulus stress from the posterior to anterior direction on the disc. These results indicated that the disc annulus stress distribution showed a similar tendency in this study to that of the in vitro experiment [23] (Fig. 1) . However, the stress in the FE analysis was lower than that in experimental result because the cross-sectional area of the disc in the FE model was greater.
Afterward, an entire lumbar spine model with degenerative disc disease (DDD) was created to use with either the DY model or the KD model using the above parameters (disc annulus fibrosis: C1 = 0.84, 
FE model of the DY and KD systems
The DY [18, 24] and the KD models ( Fig. 2) were bilaterally inserted into the L3-L4 level of the model. The implant for the DY and the KD models consisted of four titanium alloy screws (diameter: 6.4 mm, length: 45 mm). Moreover, two PCU spacers (diameter: 12 mm, length: 30 mm) and two PET cords, which contacted the screw in DY model, were modeled. In the KD FE model, two titanium alloy cable rods (3 mm × L 46 mm) and two PEEK spacers (4 mm × L 46 mm) were modeled. The DY model consisted of 292,502 elements and 126,090 nodes. The KD model included 565,068 elements and 192,750 nodes. The material properties of the implant were based on the information from a previous studies [18, 24, 25] .
Boundary and loading conditions
Several studies indicated that controlling the same ROM is a reasonable approach for predicting the effects of the implanted spinal instrumentation on the adjacent levels [20, 26, 27] . Therefore, this research implemented a hybrid-controlled analysis. A moment was applied to the top surface of the L1 vertebral body. All nodes pertaining to the bottom surface of the L5 vertebral body were fixed. Moreover, ROMs under flexion, extension, torsion, and lateral bending were controlled by 12 • , 10 • , 8 • and 20 • , respectively. All of the loading conditions are listed in Table 2 . 
Results
ROM of the lumbar spine
The KD and the DY models provided stabilization at the bridged level. The ROMs from the bridged level for all motions of the KD and the DY models were at most 0.78 and 0.88 times those of the DDD model ( Table 2 ). The flexion of the KD model was greater than that of the DY model. The stiffnesses of the KD and the DY models were at most 1.35 and 1.15 times the stiffnesses of the DDD model in extension, lateral bending and torsion.
Stress of the adjacent disc and the lumbar spine
The cranial adjacent disc stresses (CADS) of the KD and the DY model were 1.29 and 1.02 times the L2-L3 disc stress of the DDD model (Table 3) in extension. However, the KD model had lower CADS than the DY model in flexion. The CADS from the KD model was similar to the CADS in the DY model in lateral bending and torsion. The differences between those models were within 5%.
Additionally, the KD model decreased the region of higher stress at the CADS in flexion relative to the same region in the DY model (Fig. 3) . In contrast, the stress distribution of the posterior bony element in flexion was similar in the KD and DDD models (Fig. 4) . The KD model alleviated the higher stress range from the L3-L4 posterior bony element, especially in the pedicle and the posterior bony element around the implant, compared with the corresponding range in the DY model (Fig. 4). 
Facet contact forces (FCF)
The KD model increased the L2-L3 FCF and decreased the L3-L4 FCF compared with the corresponding values in the DY model for all motions. The L2-L3 FCF of the KD model was at most 2.19 times that of the DDD model and 0.33 times the L3-L4 FCF of the DDD model as well (Table 4) . 
Pedicle screw stress
In flexion, the pedicle screw of the KD model exhibited lower stress than that of the DY model (Fig. 5) . The maximum screw stress of the KD model was 0.68 times that of the DY model. In extension and lateral bending, the screw stress distribution did not noticeably differ. The maximum stress of the pedicle screw was within 0.55% of the stresses of the KD and DY model in lateral bending. However, the maximum stress in extension for the KD model was 0.83 times that of the DY model. Regarding torsion, the KD model demonstrated greater screw stress than the DY model. The maximum screw stress of the KD model was 1.62 times that of the DY model. 
Discussion
A three-dimensional FE model of a degenerated lumbar spine was used to evaluate both the KD and DY systems at the adjacent and bridged levels. A previous in vitro test [16] indicated that the DY system was able to restore the ROM of the bridged level to that of the intact condition in extension, as measured using this FE analysis. However, in flexion, the DY system exhibited greater stiffness than did the KD system because the DY system had greater cord pretension, allowing it to resist the flexion moment. Additionally, previous studies [10, 28] reported that an implant with higher stiffness induced a higher ROM at the adjacent level and a lower ROM at the bridged level. The ROM from the KD system was less at the adjacent level and greater at the bridged level than that from the PEEK (semirigid) and titanium systems used in Galbusera's research (Fig. 6) [28] . The earlier in vitro study [29] demonstrated that the DY system induced a remarkable increasing trend in the adjacent disc stress compared with the stress in the intact condition. The present FE results were consistent with those in previous studies [29] as well. However, the stress-shielding effect on the adjacent level from the DY system was still less than that from the rigid-fixation system [10] . In torsion, the CADS and the adjacent ROM from the KD system were similar to those from the DY system because the cord pretension in the DY system provided a greater constraint on the sagittal plane than on the transverse plane. Therefore, there was only a small difference (within 5%) between the DY and KD systems.
These results indicated that the reduction in the FCF found in the DY system occurred in extension rather than in torsion, and the trend was consistent with the earlier FE study [10] . Both the decrease in the FCF at the bridged level and the increase in the FCF at the adjacent level were larger in the KD system than in the DY system. This result demonstrated that the PEEK rod in the KD system had greater torsional stiffness for resisting the facet joint contact than the PCU spacer in DY system. Therefore, for the KD system, the greater constraint of the facet joint contact at the bridged level resulted in compensation of the excessive facet joint contact at the adjacent level. The results demonstrated that the KD system could increase the adjacent facet loading in all motions in this FE analysis.
For the stress distribution, the KD system could decrease the range of the higher stress distribution around the pedicle in flexion compared with the range of the DY system because of the lower stiffness. Because the PEEK rod was stiffer than the PCU spacer, the KD system absorbed a larger portion of the load on the posterior bony element. Conversely, less stress was transmitted to the posterior bony element in the DY system, resulting in a greater concentration of stress around the pedicle. This phenomenon also induced the pedicle screw in the DY system to receive greater stress than in the KD model (Fig. 5(A), (B) ). As a result, screw loosening was found in the clinic in the DY system. Additionally, the flexion tendencies in the KD and the DY systems were opposite to that of the DDD model because of increased stiffness. Because the DDD model did not include a spinal implant, the posterior bony element and pedicle exhibited a stress distribution that was almost lower than that in the KD and DY models. Moreover, the DDD model demonstrated a compressive and tensile stress on the vertebral body, but adding a spinal implant also apparently influenced the stress distribution of vertebral body, as shown in Fig. 4 . The stiffness of the spinal implant in the posterior bony element was not only associated with the stress distribution of the pedicle but also affected the stress distribution of the vertebral body.
The restrictions of the FE analysis are listed below. The material properties, such as the nonlinear behavior of the spinal ligaments and the viscoelasticity of the disc, were simplified and idealized from those of a cadaveric specimen. The various grades of disc degeneration, such as delamination, dehydration, and reduced disc height, were not taken into account. The thread on the screw was simplified as well. The loading conditions of the FE models were similar to those of the in vitro test. Thus, muscle contractions, complicated external loads, body weight, and movements of the pelvis were not considered in this study. In the rod of the KD model, the seven titanium-alloy cables were separate but still contacted each other. However, this study assumed that the seven titanium-alloy cables were adhered together because the cables were constrained by the PEEK spacer.
Conclusions
The KD system supplied greater stiffness in extension, torsion and lateral bending than did the DY system. The KD system also increased the FCF of the adjacent level in all motions. However, the KD system could decrease the CADS, pedicle screw stress, and pedicle stress in flexion, in contrast to the DY system, which did could not. Additionally, the KD and DY systems increased the stiffness to within 47% of the value in the DDD model in all motions.
